Filamentous fungi usually inhabit normoxic environments by utilizing oxygen as a substrate for respiration and for the biosynthesis of some essential cellular components. This review examines the metabolic mechanisms used by filamentous fungi under oxygen-limited (hypoxic) conditions. Denitrification is one mechanism through which Fusarium oxysporum and other fungi reduce nitrate or nitrite to nitrous oxide, generating nitric oxide as a reaction intermediate. The involvement of cytochrome P450nor as a nitric oxide reductase is a unique feature of fungal denitrification, as opposed to cytochrome bc-type nitric oxide reductase, which is unique to the bacterial mechanism. Ammonia fermentation is the mechanism through which nitrate is reduced to ammonium, and it allows fungal growth under hypoxic conditions. Studies of the model filamentous fungus Aspergillus nidulans have revealed that niaD and niiA encoding NAD(P)H-dependent nitrate and nitrite reductases are essential for producing ammonia. Since niaD and niiA have been identified as genes for nitrate utilization by the fungus, ammonia fermentation and nitrate utilization mechanisms probably share a nitrate-reducing mechanism. I also discuss recent progress in studies of the hypoxic response of A. nidulans.
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Filamentous fungi are important microorganisms involved in various processes that are critical to the well-being of humanity. They serve as agricultural producers of organic acids, antibiotics-and enzymes such as proteases, amylases, cellulases and other commercially relevant compounds. Traditional Japanese fermentation techniques use koji mold (Aspergillus oryzae and its relatives) to ferment sake (rice wine), shoyu (soy sauce), and other fermentation products. Besides these useful qualities, filamentous fungi can be undesirable agents of disease for both humans and crops. Mycotoxins produced by some filamentous fungi are some of the most serious pollutants of stored cereals, and they threaten public health though the consumption of spoiled foodstuffs. Hence, filamentous fungi are agriculturally and biochemically important, and these aspects have been studied in detail. By contrast, the mechanism of energy conservation by filamentous fungi has received little attention. By analogy to the mechanisms of the yeast Saccharomyces cerevisiae, filamentous fungi are thought to conserve energy for growth through carbon-or glucose-oxidizing mechanisms, including glycolysis, the tricarboxylate cycle, and oxygen (O 2 ) respiration. Recent progress in genome sequencing has identified an almost complete set of genes in most filamentous fungi that are orthologous to those of the yeast and are involved in these mechanisms, which also confirms the relevance of the energy conservation mechanisms of S. cerevisiae and filamentous fungi.
Most filamentous fungi were considered for decades to be strictly aerobic, like other conventional eukaryotic organisms, because O 2 is required to synthesize essential cellular components such as heme and sterols. In addition, O 2 was considered essential for energy conservation through the activity of the respiratory chain (O 2 respiration), and hence filamentous fungi require O 2 for growth. However, Tanimoto and Shoun found that the filamentous fungus Fusarium oxysporum denitrifies, which contradicted previous notions.
1)
The same activity was subsequently found in other fungi.
2) Kobayashi et al. initially found that F. oxysporum uses an ATP-producing system under hypoxic conditions, 3) although some obligatorily anaerobic fungi that inhabit anoxic environments such as swamps and the digestive tract do not. 4, 5) Thereafter, another anaerobic energy conservation mechanism, ammonia fermentation, was found in F. oxysporum 6) and Aspergillus nidulans. 7) This implied that filamentous fungi produce more complex energy conservation mechanisms in response to available O 2 in the environment. This review describes the current understanding of the mechanisms and their regulation, as well as recent work on hypoxic metabolic reactions by F. oxysporum and A. nidulans.
I. Fungal Denitrification
Denitrification is an anaerobic process through which microorganisms reduce NO 3 À or nitrite (NO 2 À ) to gaseous nitrogen such as nitrous oxide (N 2 O) and dinitrogen (N 2 ) (Fig. 1) . This process was originally discovered in bacteria, and the associated molecular Correspondence: Tel/Fax: +81-29-853-4937; E-mail: ntakaya@sakura.cc.tsukuba.ac.jp Abbreviations: Ack, acetate kinase; Acs, acetyl CoA-synthase; Add, aldehyde dehydrogenase (acylating); Adh, aldehyde dehydrogenase; GABA, -aminobutyric acid; Nar, nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; Nos, nitrous oxide reductase; P450, cytochrome P450; P450nor, cytochrome P450nor; PPP, pentose phosphate pathway; SR, sulfur reductase Biosci. Biotechnol. Biochem., 73 (1), [1] [2] [3] [4] [5] [6] [7] [8] 2009 Award Review mechanisms have been characterized in detail. Bacteria denitrify NO 3 À through four successive steps to produce NO 2 À , nitric oxide (NO), and N 2 O as intermediates, and finally evolve N 2 .
8) The specific enzymes, NO 3 À reductase (Nar), NO 2 À reductase (Nir), NO reductase (Nor), and N 2 O reductase (Nos) catalyze the steps that are coupled with oxidative phosphorylation, and in which the electron transport chain supplies electron equivalents (Fig. 1A) . Hence, denitrification in bacteria is thought to function physiologically as NO 3 À respiration, through which these organisms can produce ATP and thrive in an anoxic environment. 8, 9) Fungal denitrification mechanisms essentially proceed like those of bacteria in that Nar, Nir, and Nor (P450nor) are involved, although fungi lack Nos and generate N 2 O (Fig. 1B) . 1) Among these enzymes, only the gene for Nor has been characterized in detail, in the denitrifying cells of F. oxysporum, 1, 10, 11) as is described below. The mitochondrial fraction of F. oxysporum exhibits activity for NO 3 À reduction that is dependent upon ubiquinol, an electron shuttling compound in the mitochondrial respiratory chain. An inhibitor of respiratory complex I (rotenone) inhibits this activity.
3) Reduction of NO 3 À by ubiquinol-Nar is coupled to ADP phosphorylation, indicating that NO 3 À reduction is physiologically significant as anaerobic nitrate respiration. Nar has been partially purified from mitochondrial fractions of F. oxysporum and characterized.
12) It exhibits a broad absorption peak around 556-, 525-, and 425-nm, which resembles the spectra of cytochromes. 12) Activity is inhibited by tungstate, an inhibitor of molybdenum enzyme, both in vivo and in vitro.
12) These properties of Nar resemble to those of Nar from denitrifying and non-denitrifying bacteria 13) although bacterial Nar is localized in the cell membrane and uses other quinols as electron donors (bacteria do not have either mitochondria or ubiqinol). Despite this resemblance, our recent searches of fungal genome databases uncovered no gene ortholog to genes for membranous Nar from bacteria (data not shown), suggesting that fungal Nar is evolutionarily distant from bacterial membranous Nar. One possible explanation is that F. oxysporum acquired Nar to adapt to hypoxic denitrifying conditions after the fungal kingdom emerged. Otherwise, both denitrifying bacteria and fungi share an ortholog of the Nar gene that remains unidentified. According to this hypothesis, most conventional fungi lost Nar during evolution, since F. oxysporum is the sole fungus that can denitrify NO 3 À , and most denitrifying fungi investigated to date denitrify NO 2 À but not NO 3 À , 2) which means that they lack denitrifying Nar. Gene cloning of F. oxysporum Nar should clarify this issue.
Besides the denitrifying reduction of NO 3 À , some filamentous fungi reduce NO 3 À in assimilation, and the mechanism has been characterized.
14) The first step of NO 3 À assimilation is the reduction of NO 3 À to NO 2 À , which is catalyzed by NADH-or NADPH-(NAD(P)H-)dependent Nar (NAD(P)H-Nar). NO 2 À is subsequently reduced by NAD(P)H-Nir to generate ammonium (NH 4 þ ), which is incorporated into glutamate and other nitrogenous compounds. Both enzymes reside in the cytosol and are distinct from the denitrifying types.
14) NAD(P)H-Nar is conserved across a wide variety of filamentous fungi, and its gene (niaD) has been cloned. We have isolated spontaneous mutants of F. oxysporum JCM11502 (formerly MT-811, the wild type) that did not grow in medium containing NO 3 À as the sole source of nitrogen. 12) Some of the mutants (strain M10) proliferated by using NO 2 À as a nitrogen source, and their cell-free extracts exhibited little activity for NAD(P)H-Nar, suggesting that the mutation eliminates the function of NAD(P)H-Nar. 12 ) Gene cloning of niaD revealed an amino-acid change at Gln504Arg located between the molybdopterin-and the heme-associating domains. Strain M10 produced only 20% of the denitrified product (N 2 O) under denitrifying conditions relative to the wild-type strain, suggesting that NAD(P)H-Nar functions in denitrification. 15) My group recently founds that niaD from F. oxysporum JCM11502 complemented the deficiency in NO 3 À -dependent growth of strain M10. 15) The results indicated that niaD functions in NO 3 À assimilation in strain M10 as it does in other filamentous fungi. We further found that M10 harboring an intact niaD gene produced more N 2 O than M10 without an intact niaD gene, indicating that niaD contributes to denitrification by this fungus. Promoter-reporter analysis showed that more niaD is expressed under denitrifying than under non-denitrifying NO 3 À -assimilating conditions (normoxic culture with NO 3 À as nitrogen source), confirming that niaD plays a role in denitrification. These results indicate that F. oxysporum denitrifies through the concerted actions of NAD(P)H-Nar and ubiquinol-Nar.
II. NO Reduction
The genes encoding Nor purified from F. oxysporum, 10, 11) Cylindrocarpon tonkinence, 16) and Trichosporon cutaneum, 17) have been isolated. Kaya et al. also cloned and produced recombinant Nor from A. oryzae.
18) Shoun and I constructed recombinant F. oxysporum strains with a truncated chromosomal gene for Nor (CYP55), and found that these strains accumulated NO in the culture medium and accumulated less N 2 O in gas phase than F. oxysporum strains having a normal gene. 19) These findings indicate that the Nor gene is essential for fungal denitrification. Notably, orthologs of CYP55 were found mostly in genomes of filamentous fungi (Fig. 2) , and rarely in those of other eukaryotes, including yeasts.
The most striking fact is that fungal Nor is involved in the cytochrome P450 (P450) superfamily, unlike bacterial Nor, which is associated with cytochrome bc. [8] [9] [10] [11] Typical proteins in the P450 superfamily are monooxygenases that catalyze carbon-atom hydroxylation using O 2 as substrate. 20) The reaction requires other proteinous components to donate electrons to a catalytic center comprised of protoheme and the thiolate residue of a conserved cysteine. The thiolate residue is coordinated to protoheme as the fifth ligand, and the resulting pigment is absorbed at 450 nm in carbon monoxidebound reduced form: Hence this family of proteins was designated cytochrome P450. This is also true of fungal Nor, which is called P450nor. 10, 11) However, the reaction of P450nor is NO reduction, which does not require an additional proteinous component, and is completely different from the conventional P450 oxidation of substrates, which requires electron donating proteins. Another distinct feature of P450nor in the P450 superfamily is that it is soluble, in contrast to conventional P450, which is membrane-bound through amino terminal transmembrane regions and located on the endoplasmic reticulum or in the mitochondria. 20) The reaction catalyzed by P450nor follows the following equation:
where some P450s use NADPH as well as NADH. Spectroscopic and kinetic studies have indicated that the initial step in the reaction is NO binding to ferric iron of the heme as a sixth ligand. The resulting heme-NO complex receives two electrons (or hydride anion) from NADH to generate a catalytic intermediate that is distinguishable by an absorption peak at 444 nm. The intermediate reacts with the second NO followed by N 2 O generation and release from the catalytic center, and then turns to the initial oxidized P450nor. 21) Xray crystallography of F. oxysporum P450nor ligated to NO has provided structural insight into the reaction cycle. 22, 23) Since P450nor is unique among known hemoproteins in that NADH directly transfers electrons to heme, the mechanism of NADH recognition by the enzyme is intriguing. Hence several mutant proteins were prepared by site-directed mutagenesis and their ability to recognize NADH was analyzed. The crystal structure of P450nor indicated the absence of a canonical Rossmann fold NAD/FAD-binding site, while positively charged amino acid residues were clustered in a distal region of the heme, suggesting unique NADH recognition. A study of a series of proteins with mutations in the distal arginine and lysine residues indicated that a mutation of either Arg 64 or Arg
174
remarkably decreases the rate of NADH-dependent reduction of the ferric NO species. 24) The apparent K m for the reaction was increased in the mutants, indicating lower affinity of NADH to the enzymes. The side chains of these arginines faced each other in the large cavity of the distal pocket, and were oriented to capture the pyrophosphate moiety of NADH. Structural analysis of P450nor complexed with an NADH analog later confirmed these findings. 23) P450nor uses NADH and NADPH as electron donors, the extent differing according to the P450nor species. This preference was investigated using mutant enzymes. Amino acid residues in the B 0 -helix, which resides at the entrance of the substrate (NADH) binding pocket, were examined by alanine scanning mutagenesis. The results indicated that a mutation of Ser75 to Ala significantly improves the NADPH-dependent Nor activity of P450nor (CYP55 from F. oxysporum), and that overall activity was accelerated via the NADPH-enhanced reduction step, while wild-type P450nor preferred NADH and did not use NADPH. These results indicate that an appropriate configuration for electron transfer is blocked by steric hindrance mainly by Ser75 against the 2 0 -phosphate moiety of NADPH, and that only a few residues in the B 0 -helix region determine cofactor specificity.
25)

III. Fungal Ammonia Fermentation
While we were studying the effects of O 2 and the composition of the culture medium on denitrification, ammonium (NH 4 þ ) accumulated in the medium of anoxic cultures of F. oxysporum JCM11502. 6) This phenomenon differs essentially from denitrification in that NH 4 þ production does not accompany N 2 O production and occurs under anoxic conditions, whereas denitrification occurs in an O 2 -limited (not completely anoxic) environment. Nitrate did not appear to be converted to NH 4 þ for assimilatory purposes, since a sufficient amount of NH 4 þ remained in the medium when conversion began. On the other hand, cell growth 
À metabolism yields energy. The fungus efficiently reduces NO 3 À to NH 4 þ during growth using ethanol as a carbon source. Ethanol oxidation generated acetate in a proportion of 2:1 relative to NH 4 þ . This indicated that the reducing equivalent (NADH) derived from 4-electron oxidation to form acetate is utilized in the 8-electron reduction of NO 3 À to NH 4 þ , which is consistent with ethanol oxidation to acetate (Fig. 1C) . These findings imply that the fungal mechanism is significant for energy conservation, and it has been designated ammonia fermentation. In addition, the stoicheometric generation of acetate and NH 4 þ suggests that ammonia fermentation is the dominant mechanism under these culture conditions.
Zhou et al. investigated the enzymes involved in this mechanism.
6) Fusarium oxysporum, which ferments ammonia, produced NADH-dependent Nar and Nir in the cytosolic fraction of the cell-free extracts. The reaction products were NO 2 À and NH 4 þ , suggesting that they contribute to the reduction of NO 3 À to NH 4 þ . Activities of alcohol dehydrogenase (Adh), aldehyde dehydrogenase (acylating) (Add), and acetate kinase (Ack) were also detected in the same preparation. Acetate kinase uses ADP and acetyl-CoA as substrates to form ATP and acetate. Both Add and Ack activities were specifically induced only in anoxic cells that fermented ammonia. These results indicate that ethanol is successively oxidized by Ald, Add, and Ack to form acetate coupled with ATP production and the reduction of NO 3 À to NH 4 þ (Fig. 1C) . Fifteen among the 17 tested fungal strains distinctly converted NO 3 À to NH 4 þ under hypoxic conditions.
6) Takasaki et al. later found that the model fungus Aspergillus nidulans exhibited the same activity and investigated the mechanism using fungal mutant strains. 7) Like F. oxysporum, ammonia-fermenting A. nidulans produced NADH-dependent Nar and Nir. Their cytosolic localization and NADH-dependence are characteristic of assimilatory Nar and Nir, which have been studied in detail for decades. 14) Strains with mutant genes for assimilatory Nar and Nir (niaD and niiA) did not produce NH 4 þ in the medium. This implies that niaD and niiA are critical to ammonia fermentation, and that dissimilatory (ammonia-fermenting) and assimilatory mechanisms share a common NO 3 À reducing system. Ethanol utilization for carbon and energy sources is also a current topic in molecular genetic studies of A. nidulans. 26) To date, such studies have shown that ethanol is oxidized by successive reactions of alcohol dehydrogenase and aldehyde dehydrogenase to acetate, which is then activated to acetyl-CoA via acetyl CoA synthetase (Acs). Alcohol dehydrogenase in A. nidulans cells that ferment ammonia probably participates in oxidizing ethanol, since mutants lacking functional genes for alcohol dehydrogenase (alcA) produce acetate less efficiently. 7) By contrast, the contribution of aldehyde dehydrogenase (a gene product of aldA) was partial, and activity of CoA-acylating aldehyde dehydrogenase (Add) was detected in the cytosolic fractions of both the wild-type and aldA mutant strains, suggesting that Add is involved in ethanol oxidation by A. nidulans, as it is in F. oxysporum. In A. nidulans, facA codes for acetyl-CoA synthetase, a loss-of-function mutant of which cannot utilize ethanol. 27) When cultured under ammonia-fermenting conditions, the mutant produces no acetate in the medium, indicating that Acs contributes to ammonia fermentation. Notably, no Ack or Acs activities were detectable in cell-free extracts of the mutant. Introducing an intact facA to the mutant restored the activity of both Acs and Ack. Since the reaction of Ack from A. nidulans is accounted for by the following equation:
And, this is the reverse reaction of Acs, these results suggest that the gene product of facA (FacA) is responsible for the Ack reaction under ammoniafermenting conditions. This is not true of F. oxysporum, because the reaction of Ack from this microorganism is distinct from the reverse reaction of Acs in that it uses ADP and Pi as substrates instead of AMP. ADP-type Ack is involved in the NO 3 À fermentation mechanism of the anaerobic bacterium Clostridium.
28)
IV. Regulation of Fungal Hypoxic Mechanisms
The discovery of fungal denitrification and ammonia fermentation raised the question whether fungi regulate these metabolic energy and O 2 þ . These results indicate that denitrification and ammonia fermentation proceed under O 2 -limited conditions, and that the optimal O 2 supply to express their maximal activities is higher in the former than in the latter. 6, 29) Nevertheless, both activities were recognized as hypoxic mechanisms, since the dissolved O 2 tension inducing these mechanisms was zero due to rapid consumption of aerated O 2 by the fungal cells. 19) These results indicated that the fungus is a eukaryotic, facultative anaerobe that expresses one of three distinct metabolic energy mechanisms according to environmental O 2 tension.
Initial experiments on fungal ammonia fermentation used ethanol as a carbon source. Zhou et al. investigated the effects of carbon sources on ammonia fermentation. When F. oxysporum was cultured under hypoxic conditions in the presence of glucose, no NH 4 þ was produced in the medium. This implies that the ammonia fermentation mechanism is repressed by glucose.
29) The culture produced significant amounts of ethanol and lactate, indicating that the fungus fermented them under O 2 -limited conditions, as described previously. 29) Further incubation resulted in complete consumption of glucose, followed by a small lag phase and then by gradual ethanol consumption and NH 4 þ production. The later reaction accompanied acetate production, indicating that ammonia fermentation utilized ethanol (data not shown). These findings indicate that ammonia fermentation is physiologically significant as a secondary pathway to alcohol fermentation by the fungus.
The transcription of A. nidulans niaD is regulated by available nitrogen sources. Expression of niaD is induced in the presence of NO 3 À by the positivelyacting transcription factors NirA and AreA. 14) In the presence of NH 4 þ , AreA is inactive, which silences niaD expression, and this phenomenon is therefore called ammonium repression. Notably, A. nidulans regulates niaD transcription differently under hypoxic ammonia fermenting than under normoxic conditions. Reporter analysis of niaD expression using Escherichia coli -glucuronidase indicated that when NH 4 þ was added to the medium, GUS activity was more than 800-fold higher under hypoxic than under normoxic conditions, indicating that NH 4 þ represses the activity of the niaD gene promoter less efficiently under hypoxic conditions. 30) The results were essentially the same for niiA transcription (unpublished results), and the mechanism for the anoxic increase in these transcripts is presently under investigation in my group. NmrA binds to the DNA-binding domain of AreA and negatively regulates its activity in a nitrogen-dependent manner. 14) Recent in vitro studies have indicated that NmrA binds NAD(P) þ with higher affinity than NAD(P)H, and thus suggested its possible role in redox sensing as well as nitrogen-dependent regulation. 31) Our observation that oxidized NAD(P) þ is at a minimum level in hypoxic A. nidulans cells (see the following section) suggests that the decreased NAD(P)
þ level modulate the function of NmrA, which follows activation of niaD transcription. Further studies of the regulatory role of NAD(P) þ in NmrA function are needed to clarify this issue. Under standard ammonia-fermenting conditions, the fungi produce sub-millimolar amounts of NH 4 þ within several days, 7) which might be sufficient to repress niaD gene expression under normoxic conditions. Therefore, the hypoxic expression mechanism of niaD in the presence of NH 4 þ is physiologically significant in the process whereby the fungus produces Nar, which is critical for the fungus to ferment NH 4 þ . As described in section I, Fujii et al. also found that niaD expression in F. oxysporum increases under denitrifying conditions. 15) The culture medium used in inducing denitrification by F. oxysporum often includes peptone (casein hydrolysate) which represses niaD expression under normoxic conditions. Nevertheless, F. oxysporum efficiently expresses niaD, indicating that niaD expression is also differently regulated according to the aeration conditions of the culture.
V. Other Hypoxic Metabolisms
Proteomic differential display is a powerful tool for identifying proteins and studying global cellular responses to a specific environment. Proteomic studies of several filamentous fungi have already begun. My group performed comparative proteomic analyses to understand the hypoxic responses of A. nidulans cells. We cultured A. nidulans under ammonia-fermenting and normoxic conditions, and intracellular proteins were separated and identified by two-dimensional gel electrophoresis. Among more than 900 identified proteins, we found 63 that were more than 2-fold up-regulated in ammonia-fermenting cells, and 41 that were downregulated. 32) Figure 3 summarizes the proteins among them identified by matrix-assisted laser desorption/ ionization mass spectrometry after in-gel tryptic digestion and classified by function. The up-regulated proteins included glutamate dehydrogenase, -aminobutyric acid (GABA) aminotransferase, and succinic semialdehyde dehydrogenase, which constitute a GABA shunt functioning as a bypass of the tricarboxylic acid cycle (Fig. 4) . Increases in transcripts of the genes encoding these enzymes as well as glutamate decarboxylase, another constituent of the GABA shunt, were confirmed. 32) Under hypoxic conditions, 2-oxoglutarate dehydrogenase was down-regulated and a high NADH/ NAD þ ratio led to 2-oxoglutarate dehydrogenase inactivation, indicating that the metabolic flow from 2-oxoglutarate to glutamate is more activated than under normoxic conditions. Glutamate, a candidate product of the GABA shunt pathway, was detected in filtrates of hypoxic cultures. These results indicated that the GABA shunt is more active under hypoxic conditions. The physiological significance of the GABA shunt in the absence of O 2 remains obscure, but it obviously functions as a biosynthetic pathway of succinyl CoA that bypasses 2-oxoglutarate dehydrogenase, since succinyl CoA is the essential precursor for the generation of amino acids and other cellular components. Another function of the GABA shunt might be maintenance of the intracellular NADH/NAD þ balance. We found that most of the NADH/NAD þ pool exists as reduced NADH in hypoxic A. nidulans cells, indicating that although NO 3 À serves as an electron acceptor under hypoxic conditions, this function is insufficient to reoxidize NADH, which is generated by oxidation of the Abbreviations: GABAT, GABA transaminase; GDC, glutamate decarboxylase; GDH, glutamate dehydrogenase; SSALDH, succinic semialdehyde dehydrogenase.
Filamentous Fungi and Hypoxiacarbon source (ethanol). In the GABA shunt, glutamate dehydrogenase oxidizes NAD(P)H and succinic semialdehyde dehydrogenase reduces NAD(P) þ to generate NAD(P)H, and thus no NAD(P)H is produced in this manner. Meanwhile, the oxidative conversion of 2-oxoglutarate to succinate in the conventional tricarboxylic acid cycle generates one molecule of NADH per conversion of one 2-oxoglutarate molecule to succinate. Thus the GABA shunt might contribute to avoiding increases in the NADH/NAD þ ratio in the cells. Similar activation of the GABA shunt in F. oxysporum cultured under anoxic conditions 33) suggests a universal role of the shunt in hypoxia.
We recently examined to determine whether inorganic sulfur oxides support the growth of F. oxysporum under hypoxic conditions as NO 3 À does and found that the addition of elemental sulfur (S 0 ), but not of sulfate, sulfite, or thiosulfate to the culture medium significantly increased fungal growth under NO 3 À -and O 2 -limited conditions.
34) The culture accumulated sub-millimolar quantities of H 2 S in the culture vessel, indicating that the fungus reduced S 0 to sulfide. Abe et al. detected cytosolic NADH:sulfur oxidoreductase (SR) activity in a sulfide-producing fungus, which appeard to contribute to S 0 reduction. 34) The reaction might be significant to maintain the cellular redox (or NADH/NAD þ ) balance in a more oxidized state by reducing extracellular S 0 . Fungal S 0 reduction is intriguing because S 0 is considerably insoluble (about $15 mM) under physiological conditions. Furthermore, S 0 -reducing bacteria utilize soluble sulfide or polysulfide in shuttling electrons across the cell membrane to extracellular S 0 .
35) The presence of a similar exocellular electron shuttle in fungi remains uncertain. Furthermore, no ortholog of the genes for bacterial SR have been found in any fungal genome database searched to date. Purification and gene cloning of fungal SR are currently underway in our laboratory.
VI. Cell Growth under Hypoxic Conditions
The increased cell growth in the presence of exogenous electron acceptors (NO 3 À and presumably S 0 ) under hypoxic conditions is one fact supporting the claim that filamentous fungi produce hypoxic mechanisms for energy conservation. However, reports have indicated that the rate of hypoxic growth supported by these electron acceptors is considerably lower, at least under the experimental conditions described, than growth under normoxic conditions, even though saturating amounts of the electron acceptors are added. 1, 6, 7) I recently found that the intracellular NADH/NAD þ ratio is higher in ammonia-fermenting A. nidulans and in S 0 -reducing F. oxysporum than under normoxic conditions (published elsewhere). This implies that ammonia fermentation and S 0 reduction are insufficient to reoxidize NADH to NAD þ and result in a high NADH/ NAD þ ratio, and that this redox imbalance limits fungal hypoxic growth. This is consistent with the value recalculated from published findings of ammoniafermenting cultures of A. nidulans; for example, slower reduction rates of NO 3 À under hypoxic conditions (8 to 17 mM/h) than of O 2 under normoxic conditions (about 200 mM/h). 32) In addition, the slow growth during ammonia fermentation might be explained from the standpoint of bioenergetics. The calculated free energy change for the ammonia-fermenting reaction (oxidation of ethanol to acetate that couples reduction of NO 3 À to NH 4 þ ) is À313 kJ/mol, considerably lower than that for O 2 respiration (oxidation of ethanol to carbon dioxide by reducing O 2 to water: À1;324 kJ/mol). The lower free energy change in the ammonia fermentation reaction generates less molar ATP, and is consistent with lower molar cell yields.
VII. Global Metabolic Changes upon Hypoxia
Our proteomic studies of ammonia-fermenting A. nidulans uncovered global molecular events that occur in these cells in response to hypoxia. 32) They indicated that alcohol and aldehyde dehydrogenases are produced at the basal level under hypoxic conditions. This is surprising, since we used ethanol as a carbon source to study ammonia fermentation, and these enzymes were obviously provoked by ethanol under normoxic conditions. The proteome also showed that the enzymes involved in gluconeogenesis, as well as the tricarboxylic and glyoxylate cycles, were down-regulated (Fig. 3) . These results indicate that the mechanism of fungal energy conservation is altered under hypoxic conditions.
The proteomic studies generated the novel finding that enzymes in the pentose phosphate pathway (PPP), including glucose-6-phosphate dehydrogenase (no. 4 in Fig. 5 ), transketolase (5) , and transaldolase (6) are upregulated under hypoxic conditions (Fig. 5) . Although they are undetectable on two-dimensional gels, transcripts for other components of the PPP such as ribose 5-phosphate isomerase (3), ribose-phosphate pyrophosphokinase (7), phosphoglucomutase (11) , and ribulosephosphate 3-epimerase also increased under hypoxic conditions. One of the physiological functions of PPP is NADPH generation, which might serve as a substrate for NADPH dehydrogenases, including NADP-glutamate dehydrogenase, succinic-semialdehyde dehydrogenase, sulfite reductase, nitroreductase, and quinone reductase, which are induced under hypoxic conditions. 32) Another role of PPP is that of pentose production. Indeed, a series Reactions catalyzed by enzymes increased in hypoxic A. nidulans cells are shown by bold arrows. Gl-6-P, glucono--lactone-6-phsophate; 6-PG, 6-phosphogluconoate; Ri-5P, ribulose-5-phosphate; R-5-P, ribose-5-phosphate; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; G-3-P, glyceraldehyde-3-phosphate; PRPP, 5-phospho-ribose-1-pyrophosphate; R-1-P, ribose-1-phosphate; H, hypoxanthine; X, xanthine. Numbers indicate; 1, 6-phosphogluconolactonase (AN0285.3); 2, 6-PG dehydrogenase (AN3954.3); 3, R-5-P isomerase (AN2440.3) of enzymes and transcripts involved in the synthesis of nucleotides, some of the major intracellular compounds that contain pentose, increase under hypoxic conditions (Fig. 5) . Transcripts of the enzymes involved in nucleotide degradation also increased. The concentration of some free nucleotide monomers in the cells is altered by the aerating conditions. 32) These results suggest that nucleotide turnover is more active under hypoxic than under normoxic conditions. To date, the physiological meaning of this phenomenon remains unknown, although one explanation is possible from the viewpoint of nucleotide damage. Under physiological conditions, NO 2 À deaminates the purine bases of nucleotides to xanthine and hypoxanthine. 32) Recently we measured the levels of intracellular NO 2 À in A. nidulans and found that upon exposure to hypoxia (ammonia-fermenting conditions) the fungus started to accumulate intracellular NO 2 À , which does not occur in normoxic cells. We also found that chromosomal DNA prepared from hypoxic A. nidulans cells contained more xanthineand hypoxanthine-nucleotides, suggesting that purine bases in the DNA were deaminated by the accumulated NO 2 À . 32) Nucleotide turnover might be accelerated in A. nidulans to repair DNA damaged by NO 2
À . This appears to be a fungal adaptation mechanism to hypoxic ammonia-fermenting conditions.
VIII. Concluding Remarks
Hypoxia imposes various obstacles upon eukaryotes, such as low levels of available ATP due to a lack of O 2 respiration and redox stress caused by a lack of terminal electron acceptors. Denitrification by F. oxysporum and ammonia fermentation by both F. oxysporum and A. nidulans generate ATP through oxidative phosphorylation or substrate-level phosphorylation using NO 3 À . These mechanisms reduce NO 3 À to N 2 O and NH 4 þ respectively, and thus contribute to re-oxidizing NADH to NAD þ and to balancing the intracellular redox status. These facts imply that the mechanisms compensate for a lack of O 2 , and allow the fungi to survive and proliferate under hypoxic conditions. That both mechanisms share toxic NO 2 À as a common intermediate is notable. As described above, A. nidulans increases nucleotide turnover to overcome nucleotide damage caused by NO 2 À accumulating under ammonia-fermenting conditions. Denitrification by F. oxysporum reduces NO 3 À to NO 2 À , which is then reduced to more toxic intracellular NO. Thus fungal P450nor is physiologically significant in detoxifying NO in addition to maintening redox balance. Fungal hypoxic energy conservation mechanisms thus appear to accompany a mechanism of detoxification of nitrogen oxides. Cooperation between energy conservation and the detoxification of its byproducts is similar to that of normoxic cells undergoing O 2 respiration and detoxification of hazardous reactive oxygen species generated as respiratory byproducts.
Filamentous fungi and yeasts that denitrify NO 2 À (not NO 3 À ) are distributed across phyla.
2) Hypoxic NH 4 þ production from NO 3 À is widely observed among filamentous fungi. 6) To date, the detailed biochemical and molecular mechanisms of these reactions have been characterized mainly in F. oxysporum and A. nidulans. However, most fungal genomes contain orthologs of the P450nor gene for denitrification and of the genes for assimilatory NADH-Nar and NADH-Nir with respect to ammonia fermentation, suggesting that the metabolic mechanism is widely distributed among filamentous fungi. Although the main cast of the global nitrogen cycle is currently recognized in bacteria, recent studies have discovered fungal N 2 O production from soils. 36) This suggests a global role of fungal metabolism in preserving the nitrogen balance.
